We investigated the fabrication and functional behaviour of conductive silver-nanowire-polymer composites for prospective use in printing applications. silver-nanowires with an aspect ratio of up to 1000 were synthesized using the polyol route and embedded in a UV-curable and printable polymer matrix. Sheet resistances in the composites down to 13 Ω/sq at an optical transmission of about 90% were accomplished. the silver-nanowire composite morphology and network structure was investigated by electron microscopy, atomic force microscopy, profilometry, ellipsometry as well as surface sensitive X-ray scattering. By implementing different printing applications, we demonstrate that our silver nanowires can be used in different polymer composites. On the one hand, we used a tough composite for a 2D-printed film as top contact on a solar cell. On the other hand, a flexible composite was applied for a 3D-printed flexible capacitor.
Functional printing of films and additive manufacturing of components have developed over the last 25 years to be an important and innovative part of the industrial process 1 . From a scientific point of view, the limited physical properties of polymers used mainly for 3D printing represent one of the largest challenges 2 . For electronic applications, conductive layers with good printability are of key importance. Conductive polymers such as PEDOT:PSS have been used for conductive layers [3] [4] [5] . Functionalized composite resins are an important alternative as they are also photopolymers and therefore 3D-printable. In this case, the polymer matrix determines the structural and mechanical properties that can be tuned e.g. from tough to flexible. Composites of spherical nanoparticles have to overcome the tunnelling resistance when electrons move from one metallic nanoparticle to the next. Hence, previous approaches to establish resins with good conductivity based on spherical nanoparticles suffer from problems of agglomeration and strong photon absorption at high nanoparticle concentrations. Therefore, they are often unsuitable for optical applications requiring transparent contacts 6, 7 . Nanowires offer an alternative approach, which circumvents the tunnelling resistance in the direction of the wire. Silver-nanowire (Ag-NW) electrodes can be realized by various routes, including printing and spray-coating [8] [9] [10] [11] . Ag-NW composites offer a scalable process for large scale, flexible, conductive media, as used in e.g. integrated photovoltaics, touch screens, and flexible electronics [12] [13] [14] [15] [16] [17] [18] [19] . The plasmonic effects of metallic nanoparticles and nanowires render them useful as advanced optoelectronic devices and biosensors [20] [21] [22] [23] [24] [25] . The sheet resistances of spray-coated Ag-NW layers are between 10 Ω/sq and 30 Ω/sq at transparencies of around 90% 10, 26 . Thus, they are potential candidates for replacing indium tin oxide in, for example, solar cells 27 . Due to their high aspect ratio, ordered arrangements are possible, leading to an anisotropic conductive behavior 28, 29 . Furthermore, the development of flexible electronics based on silver nanowires is progressing [30] [31] [32] [33] [34] . Printable flexible Ag-NW composites enable the fabrication of flexible electronic devices with complex geometric shapes, rapid prototyping, and high design flexibility due to additive manufacturing 1, 35 . Therefore, we study photopolymer-based silver-nanowire composites. For characterization, we utilized grazing incidence small angle X-ray scattering (GISAXS), scanning electron microscopy (SEM), profilometry, optical transmission, electrical conductivity measurements, energy dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), and ellipsometry. By using a tough and a flexible polymer matrix, we demonstrate the application of our Ag-NW composites as a solar cell top contact and as a 3D-printed flexible capacitor.
Results and Discussion
We demonstrate the application of our Ag-NWs within a tough polymer matrix as transparent and conductive top contact in Fig. 1 . Figure 1(a) shows the conductivities of the Ag-NW networks and the corresponding composites after photopolymerization. The samples were prepared by coating of an Ag-NW layer with 1,6-Hexanediol diacrylate (HDDA) based resin (see Supplementary Information S1.4) and curing with UV-light (see Supplementary Information S1.5). The HDDA-based polymer matrix has a resistance of above 1 MΩ. We synthesized the Ag-NWs via the polyol route 36, 37 resulting in nanowires with high aspect ratios (length/diameter) between 100 and up to 1000. The influence of the polymer layer on the conductivity of the nanowire network is shown in Fig. 1(a) . The Ag-NW network alone has a decreasing sheet resistance with increasing nanowire concentration from about 500 Ω/sq at 26 µg/cm 2 down to 13 Ω/sq at 65 µg/cm 2 . The polymer deposition and cross-linking have a positive impact on the conductivity. It is known that resins compress during the curing procedure 38, 39 . Shrinking of the polymer matrix presumably also compresses the nanowire network upon polymerization. This decreases the sheet resistance close to the critical nanowire concentration by a factor of about 2-5 as can be seen in Fig. 1(a) . The impact of the compression decreases with increasing nanowire concentration from several 100% at 26 µg/cm 2 to a few percent at 65 µg/cm 2 . The reason is the already enhanced nanowire density resulting in higher conductivities at higher concentrations. Reducing the nanowire density leads also to a higher sensitivity on how the nanowires connect to form a conductive network (see Supplementary Fig. S9 ). The transmission spectra of bare Ag-NW networks and Ag-NW composites in reference to a bare glass substrate are shown in Fig. 1 
(b). At a nanowire concentration of 26 µg/cm
2 of the composite, we find a transmission of 94% at 700 nm and a sheet resistance of up to several 100 Ω/sq. At 65 µg/cm 2 the transmission drops to about 90% and the sheet resistance decreases down to 13 Ω/sq. These results are compatible with previous studies [40] [41] [42] [43] . Due to its intermediate refractive index, the bare polymer already enhances the transmission through the glass substrate. As expected, we observe a reduced transmittance with increasing nanowire concentration. The relevance of optimizing the conductivities at relatively low nanowire concentrations, where the compressive effects of the composite are the largest, becomes apparent. This indicates the delicate interplay between the optimization of the polymer matrix and the Ag-NW network when an application is intended as a transparent top contact.
The typical layer thicknesses used in our study are in agreement with typical layer thicknesses used for functional printing ranging between 20 and 300 µm. For optical applications, a control of the surface roughness is of high relevance. Figure 1 (c) depicts the layer thickness and surface roughness as determined by profilometry of the polymer, the Ag-NW composite, and a multilayer structure. The latter serves as model for 3D-printed multilayers, which places an Ag-NW layer between different polymer layers. Remarkably, the surface roughness is about 110-160 nm for the Ag-NW composite materials, which is primarily determined by the roughness of the polymer. The thickness to surface roughness ratio is about 1000. Thus, we can expect reduced losses due to diffuse scattering effects. These results show that the composite Ag-NW-polymer materials can act as competitive materials for conducting and light-transparent electrodes.
In order to demonstrate an application of the composite as potential top contact we have printed a conductive Ag-NW composite film (26 µg/cm 2 ) on top of a monocrystalline solar cell. For comparative purposes, we have also printed a bare polymer layer and a bare conductive Ag-NW-network. Figure 1(d-g) shows the blank solar cell (d), the Ag-NW coated solar cell (e), the polymer coated solar cell (f), and the solar cell coated with the Ag-NW composite (g) with their corresponding photocurrents under identical illumination conditions. The photocurrent decreases only slightly from the blank solar cell ((650 ± 3) µA) to the Ag-NW composite ((626 ± 3) µA). The composite showed a better transmission than the pure Ag-NW layer due to better phase index matching according to Fig. 1(b) . Overall, the use of an Ag-NW-polymer electrode on top of the solar cell resulted in a 4% decrease of the measured current. The sheet resistance in the particular configuration of the Ag-NW network was (75.2 ± 1.7) Ω/sq and of the Ag-NW composite was (63.0 ± 3.5) Ω/sq, also in agreement with Fig. 1(a) .
In order to characterize the Ag-NW composites we apply grazing incidence small angle X-ray scattering (GISAXS). GISAXS enables the investigation of structural properties of the Ag-NW network embedded in the HDDA-based polymer matrix with statistical relevance. The results are summarized in Fig. 2 and the following samples were investigated: Ag-NWs (Fig. 2(a) ), the Ag-NW composite (Fig. 2(b) ), and the pure polymer layer (Fig. 2(c) ). As reference substrate, a silicon wafer was used. The polymer pattern of Fig. 2(c) is essentially featureless. In Fig. 2(a) and (b) two intensity flares with an angle of around 36° to the vertical direction can be seen outlining a contribution from the Ag-NWs. Figure 2(g-i) depict horizontal cuts at different q z positions for the different samples (green polymer, blue Ag-NW network, and red Ag-NW composite, compare Fig. 2(a-c) ) as indicated by the white lines in Fig. 2(a) . A side maximum in the region 0.4-0.8 nm −1 occurs when a flare is present in the GISAXS pattern (labelled with an arrow in Fig. 2(g-i) ). The shift corresponds to the facet angle of around ). All cuts are normalized to the intensity at I(0,q z1,2,3 ) correspondingly. The colour code corresponds to (a-c).
www.nature.com/scientificreports www.nature.com/scientificreports/ 36°. The polymer coating decreases the scattering contrast between the Ag-NWs and the surrounding medium, thus at higher q z the peak of the Ag-NW polymer composite appears smaller.
To understand the origin of the flares, Fig. 2 (f ) depicts a sketch of the Ag-NW with pentagonal cross-section 44, 45 . Ag-NWs, synthesized via the polyol method, exhibit a pentagonal structure. In the early state of the synthesis, five-fold twinned seeds are formed, which grow in <110> direction 46 . The pentagonal structure and fivefold twinned tip of our Ag-NWs were also verified by SEM studies (Fig. 2(e) ). However, SEM studies are not applicable to the composite. The pentagonal morphology is confirmed by simulating the key features of the observed GISAXS pattern using the software IsGISAXS 47 (for details of the modelling, see Supplementary Information S2.6), as shown in Fig. 2(d) . The deduced angle of the intensity flares is 36° and compares well with the facets of the pentagonal morphology. Additionally, the enhancement of the diffuse scattering around the Yoneda peak (α c = 0.14° for Si) can also be reproduced.
The further development of the 2D functional printing into the third dimension is fairly straightforward and can be accomplished within a 3D printing process. A capacitor consisting of Ag-NWs and a flexible photopolymer (Flexible, Formlabs) was prepared in order to demonstrate the feasibility of our approach for 3D-printed flexible electronics. It also highlights the relevance of the polymer of composite for improving the functional properties of the printed object. In order to print the capacitor, six layers along the third dimension were used. A glass slide was coated with resin. The resin and the composite were illuminated and cured by using a combination of three proximity illumination patterns with an area of 10 × 10 mm 2 . The remaining uncured resin was washed off with acetone and isopropanol. An illustration of the cross-section and a photograph of the resulting capacitor with two conductive Ag-NW composite plates and a resin dielectric are shown in Fig. 3(a,b) . In order to contact the capacitor two silver-lacquer contacts were applied. The produced capacitor is made up of two 5 × 5 mm 2 Ag-NW layers with an Ag-NW density of about 100 µg/cm 2 . In Fig. 3(c) a photograph of our stripped off capacitor bent over a glass rod is shown in order to demonstrate its flexibility. A total layer thickness of the intermediate polymer layer of (210 ± 5) µm was found by optical microscopy. Figure 3(d) shows an optical microscopic cross-sectional view of the capacitor with Ag-NWs at the surface.
The capacitance was estimated according to Eq. (1), where ε 0 is the vacuum permittivity, ε r is the polymer permittivity, A is the area of the capacitor and d is the layer thickness of the intermediate polymer layer. The estimated capacitance is 5 pF taking the dielectric constant to about 4.5. In good agreement with the estimation, a capacitance of 7.0 and 7.5 pF was reproducibly measured at 1 kHz and at 100 kHz, respectively.
r 0 experimental section synthesis. We synthesized the Ag-NWs via the polyol route 36, 37 . The used chemicals are listed in Table 1 . Initially, an oil bath was heated up to 165 °C or 155 °C. In an unsealed vial, 6 mL of ethylene glycol (EG) was heated for 50 min in the oil bath and stirred at 600 rpm. In the meantime, 0.03 g silver nitrate (AgNO 3 ) was added to 2 mL EG and polyvinylpyrrolidone (PVP) (0.03 g PVP 55000 + 0.06 g PVP 360000) was dissolved in 3 mL EG. After complete dissolution of the PVP, 3 µL copper(II) chloride (CuCl 2 ) solution (c = 0.0519 mol/L containing CuCl 2 • 2H 2 O + 2 mL EG) was added to the PVP solution. After 50 min preheating, PVP in solution was added to the preheated EG and was heated further for 15 min. The solution was stirred at 600 rpm. The AgNO 3 solution was injected into the reaction solution using a syringe pump (neMESYS, CETONI GmbH) and a flow rate of 1.88 mL/h. No stirring was applied during the addition of AgNO 3 . The reaction was quenched with 16 °C water after 180 min (165 °C) or 235 min (155 °C). After synthesis, the Ag-NWs were washed consecutively three times with acetone and three times with isopropanol. The suspension was centrifuged at 200 rpm at 20 °C for 20 min each time.
sample preparation. For the sample preparation, cleaned substrates either of silicon or glass (see Supplementary Information S1.1) were used. Pure Ag-NW networks were fabricated by deposition of a drop of nanowire suspension in isopropyl alcohol leading to randomly orientated Ag-NWs forming a percolation www.nature.com/scientificreports www.nature.com/scientificreports/ network with a nanowire surface density between 6.5-120 µg/cm 2 (see Supplementary Information S1.2). To fabricate the polymer films, 10 µL of a 1,6-Hexanediol diacrylate (HDDA) based resin (see Supplementary Information S1.4) or a flexible resin (Formlabs) was dropped on the surface of a cleaned substrate. The resin was cross-linked by illumination with a laser diode (λ = 405 nm, see Supplementary Information S1.5) for 10 min. The fabrication process of a composite sample combines the Ag-NW network and a polymer layer. Firstly, an Ag-NW network was produced. Secondly, the Ag-NWs were coated with resin, which was finally cured with UV-light. Multilayer structures were fabricated by a three-step process with an Ag-NW layer between two polymer layers. A summary of the composite materials and their key properties is given in the Supplementary Table S2 .
Characterization methods. For scanning electron microscopy measurements, a commercial field emission scanning electron microscopy (FE-SEM) equipment (Zeiss, Germany) was used (see Supplementary Information S2.1). Resistivity was determined in Van der Pauw 48 geometry by utilizing a four probe measurement setup with DPP 105-M/V-Al-S positioners (CascadeMicrotech, USA) (see Supplementary Information S2.3). Transmission spectra were recorded with an Ulbricht sphere of calibrated spectral characteristics (DKD, Gigahertz Optik) coupled to a QE65000 spectrometer (Ocean optics, USA) in a spectral range between 400 nm and 900 nm. In order to measure the photocurrent of a coated solar cell, the same light source was used. A circular area with a diameter of approximately 5 mm was exposed with a power of about 20 mW/cm 2 , and the setup was sealed off from ambient light. The photocurrent was measured with a digital multimeter (Voltcraft, VC 850). Profilometry measurements were performed with a Dektak XT equipment (Bruker, USA). The capacitance of our flexible capacitor was experimentally determined with a programmable HM8118 LCR bridge (Rohde & Schwarz, Germany). GISAXS [49] [50] [51] measurements were performed at the beamline P03 at PETRA III @ DESY 52 with a wavelength of 0.972 Å. The sample-to-detector distance (SDD) was SDD = (4990 ± 1) mm calibrated using silver behenate, and the beam size (horizontal × vertical) was 25 × 15 µm 2 . The polymer sample was measured at an SDD of (3600 ± 1) mm with a beam size of 30 × 36 µm 2 . For detection, a 2D Pilatus 1 M (Dectris Ltd.) detector was used (981 × 1043 pixels, pixel size 172 µm). The flight path between sample and detector was evacuated to reduce scattering. An incident angle of around 0.5° was chosen (see Supplementary Information S2.5). Data reduction was performed using the software package DPDAK 53 . Our methods were selected such that the nanowire network in functional polymer-Ag-NW composites can be studied towards its critical parameters, namely network interconnectivity, optical transmission, sheet resistance, as well as thickness, and roughness.
Conclusion
We have manufactured conductive silver-nanowire (Ag-NW) networks with use in functional printing. By applying two different polymers, we have fabricated composites with different properties that were tested for two specific applications. Firstly, we have optimized Ag-NW composites for use as transparent top contacts by tuning the Ag-NW concentration within a tough and transparent HDDA-based polymer matrix. We have accomplished a sheet resistance of 13 Ω/sq and a corresponding transmission at 700 nm of 90%. Secondly, we have used a flexible polymer matrix in the composite for a 3D-printed flexible capacitor. The capacity of around 7 pF agrees well with the estimated value of about 5 pF. Our characterization involves GISAXS, which enables the investigation of embedded nanostructures and interfaces with high statistical relevance. This shows that GISAXS can develop further to an excellent technique for the investigation of embedded nanostructures in 3D-printed and technically relevant films.
Data Availability
The data of this study are available within the article and its Supplementary Information.
Chemical Amount
Ethylene glycol EG anhydrous, 99.8% purity, S. Aldrich V total = 11 mL, n = 0.20 mol Table 1 . Chemicals used for silver-nanowire synthesis.
